Spatial imaging of cadmium (Cd) in the hyperaccumulator Sedum alfredii was investigated in vivo by laser ablation inductively coupled plasma mass spectrometry and x-ray microfluorescence imaging. Preferential Cd accumulation in the pith and cortex was observed in stems of the Cd hyperaccumulating ecotype (HE), whereas Cd was restricted to the vascular bundles in its contrasting nonhyperaccumulating ecotype. Cd concentrations of up to 15,000 mg g 21 were measured in the pith cells, which was many fold higher than the concentrations in the stem epidermis and vascular bundles in the HE plants. In the leaves of the HE, Cd was mainly localized to the mesophyll and vascular cells rather than the epidermis. The distribution pattern of Cd in both stems and leaves of the HE was very similar to calcium but not zinc, irrespective of Cd exposure levels. Extended x-ray absorption fine structure spectroscopy analysis showed that Cd in the stems and leaves of the HE was mainly associated with oxygen ligands, and a larger proportion (about 70% in leaves and 47% in stems) of Cd was bound with malic acid, which was the major organic acid in the shoots of the plants. These results indicate that a majority of Cd in HE accumulates in the parenchyma cells, especially in stems, and is likely associated with calcium pathways and bound with organic acid (malate), which is indicative of a critical role of vacuolar sequestration of Cd in the HE S. alfredii.
Spatial imaging of cadmium (Cd) in the hyperaccumulator Sedum alfredii was investigated in vivo by laser ablation inductively coupled plasma mass spectrometry and x-ray microfluorescence imaging. Preferential Cd accumulation in the pith and cortex was observed in stems of the Cd hyperaccumulating ecotype (HE), whereas Cd was restricted to the vascular bundles in its contrasting nonhyperaccumulating ecotype. Cd concentrations of up to 15,000 mg g 21 were measured in the pith cells, which was many fold higher than the concentrations in the stem epidermis and vascular bundles in the HE plants. In the leaves of the HE, Cd was mainly localized to the mesophyll and vascular cells rather than the epidermis. The distribution pattern of Cd in both stems and leaves of the HE was very similar to calcium but not zinc, irrespective of Cd exposure levels. Extended x-ray absorption fine structure spectroscopy analysis showed that Cd in the stems and leaves of the HE was mainly associated with oxygen ligands, and a larger proportion (about 70% in leaves and 47% in stems) of Cd was bound with malic acid, which was the major organic acid in the shoots of the plants. These results indicate that a majority of Cd in HE accumulates in the parenchyma cells, especially in stems, and is likely associated with calcium pathways and bound with organic acid (malate), which is indicative of a critical role of vacuolar sequestration of Cd in the HE S. alfredii.
Metal hyperaccumulation and the associated hypertolerance in plants is a naturally selected, extreme, and complex physiological trait found in a small number of species (Kramer, 2010 ). An understanding of the processes involved in metal accumulation in the hyperaccumulators is helpful to understand natural genetic variations in plant development, physiology, and adaptation under harsh environmental conditions (Alonso-Blanco et al., 2009; Kramer, 2010) and to facilitate the optimization of plant-based strategies for phytoremediation/phytoextraction (Chaney et al., 2007) as well as biofortification in the case of micronutrients (Zhao and McGrath, 2009) . A better understanding of the highly effective detoxification mechanism that allows the survival of hyperaccumulators at uniquely high internal metal concentrations may also facilitate the discovery of remedies for the debilitating effects of metal pollution on human health (Kramer, 2010) .
In the last decade, significant progress has been made in the understanding of the physiology and molecular mechanism of heavy metal hyperaccumulation (Pence et al., 2000; Hanikenne et al., 2008) . Still, minimal information is available on cadmium (Cd) accumulation in plants, as hyperaccumulation of Cd is a very rare phenomenon due to its nonessential nature and high phytotoxicity to plants. Cd hyperaccumulation, defined as the accumulation and tolerance of up to 100 mg Cd g 21 in shoots by plants (Baker et al., 2000) , is present only in some populations of Thlaspi caerulescens, Arabidopsis halleri, and Thlaspi praecox, all belonging to the Brassicaceae family, and Sedum alfredii (Crassulaceae; Verbruggen et al., 2009; Kramer, 2010) . S. alfredii is a zinc (Zn)/ Cd cohyperaccumulator and lead (Pb) accumulator, which was also of high tolerance to copper toxicity, discovered in a Pb/Zn-rich region of China (Yang et al., 2002 (Yang et al., , 2004 Tian et al., 2010) . The plants of the hyperaccumulating ecotype (HE) of S. alfredii collected from the Pb/Zn mined site are much more tolerant to Cd stress as compared with the nonhyperaccumulating ecotype (NHE; Supplemental Fig.  S1A ). S. alfredii has attracted significant attention in recent years both for its unique characteristics and potential utilization in phytoremediation, especially in China (Deng et al., 2007; Wu et al., 2007; Sun et al., 2009) . S. alfredii, however, is much less studied as compared with the other two Zn/Cd hyperaccumulators, T. caerulescens and A. halleri.
As a nonessential element, Cd is preferentially partitioned in roots of normal plants but translocated to the aerial parts of the hyperaccumulators (Conn and Gilliham, 2010) . Hyperaccumulator species appear to protect roots from metal toxicity partially through efficient shuttling of metals to the shoot (Kramer, 2010) , possibly as a result of efficient root uptake, reduced root cell sequestration, and enhanced xylem loading (Verbruggen et al., 2009 ). Our previous work on the hyperaccumulator S. alfredii suggested that more than 60% of the total Cd taken up by the plants was partitioned to the shoots after 3 d of exposure to Cd solutions (Lu et al., 2008) . Cd concentrations in leaves and stems of the HE S. alfredii of up to 4,000 mg g 21 after 100 mM Cd exposure for 30 d have been observed, whereas Cd levels in shoots of the NHE were much lower (Supplemental Fig. S1B ). This enhanced rootto-shoot translocation and hyperaccumulation of Cd in the HE suggests the presence of a high-capacity metal storage mechanism within the shoots of the HE S. alfredii.
To minimize the damage from exposure to excess metal ions, hyperaccumulating species utilize mechanisms including compartmentalization and ligand chelation. Previous studies have suggested that heavy metals mostly accumulate in shoot epidermal and surface structures in the hyperaccumulators, especially in vacuoles (Kü pper et al., 2001; Robinson et al., 2003) , whereas some research has indicated a dominant role of mesophyll cells in the compartmental detoxification of abundant heavy metals (Kü pper et al., 2000; Zhao et al., 2000; Ma et al., 2005) . Our previous studies suggested that Pb was largely retained in the cell walls during transportation in plants of S. alfredii , while epidermal layers serve as important storage sites for accumulated Zn in this plant species (Tian et al., 2009) . Transmission electron microscopy has been used to investigate the subcellular distribution of Cd in leaf tissues of the hyperaccumulator S. alfredii ; however, this method is subject to artifacts, as Cd could redistribute during the complex sample preparation.
X-ray microfluorescence (m-XRF) has been widely used in research on elemental distribution in plant tissues and has proved to be a promising tool to study the in vivo localization of metals in plants (Punshon et al., 2009) . In this study, the in vivo characteristics of Cd distribution in stems of the Cd hyperaccumulating ecotype (HE) of S. alfredii was investigated by using m-XRF, in comparison with its contrasting non- Figure 1 . m-XRF elemental maps for Zn (red), Cd (green), and Ca (blue) of stem cross sections from NHE S. alfredii treated with 10 mM Cd. The number of fluorescence yield counts was normalized by I 0 and the dwell time. Pixel brightness is displayed in RGB, with the brightest spots corresponding to the highest element fluorescence. Ep., Epidermis; V.B., vascular bundles. Correlations between XRF intensities of Cd versus Zn and Cd versus Ca were measured according to the XRF data.
hyperaccumulating ecotype (NHE). This technique, however, can only provide semiquantitative information. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) is a powerful analytical technique for direct elemental mapping of abiotic and biotic samples (Hu et al., 2008) and was used here as a supplemental method of elemental mapping of the HE S. alfredii plants under Cd exposure. Additionally, the speciation of Cd within HE S. alfredii plants was investigated by extended x-ray absorption fine structure (EXAFS). This is an element-specific method for analyzing the in vivo ligand environment of metals in plants (Kü pper et al., 2004) . While most previous analyses of the chemical form of Cd have been performed using freeze-dried ground samples with nonfocused x-rays, here, EXAFS was used to investigate the ligand environment of Cd in frozen hydrated tissues of the HE S. alfredii under very low temperature.
RESULTS

Comparative Study of Cd Distribution in Stems of NHE and HE by m-XRF
The distribution patterns of Zn (red color), Cd (green color), and calcium (Ca; blue color) in stem cross sections from NHE and HE S. alfredii plants treated with Cd were primarily investigated by m-XRF (Figs. 1-3) . Pixel brightness is displayed in RGB, with the brightest spots corresponding to the highest element fluorescence. The elemental maps of potassium (K), manganese (Mn), iron (Fe), magnesium (Mg), phosphorus (P), and sulfur (S; data not shown) were similar to those reported by Tian et al. (2009 Tian et al. ( , 2010 , and there was no significant relationship of these elements with Cd. As shown in Figures 1 and 2 , the distribution patterns of Cd were very different between the two contrasting ecotypes of S. alfredii. In the stem cross section of 10 mM Cd-treated NHE plants ( Fig. 1 ), Cd was distributed mainly in the cells around vascular tissues, in a very similar pattern to that of Zn, whereas Ca was mostly localized to the cortex and pith. In contrast, in the stem cross section of the HE (10 mM Cd), the distribution pattern of Cd was very similar to that of Ca, showing higher concentrations in the parenchyma tissues, while the preferential localization of Zn in the vascular tissues (Fig. 2) was consistent with the results obtained by m-XRF in our previous work (Tian et al., 2009) . Statistical analysis revealed a positive correlation between Cd and Zn in the stems of NHE plants (P , 0.05, r 2 = 0.423, n = 18,407; Fig. 1 ), whereas Cd was positively colocalized with Ca in the stem cross section of the HE S. alfredii (P , 0.05, r 2 = 0.496, n = 7,691; Fig. 2 ). Furthermore, increasing Cd treatments to 100 mM (data not shown) or 400 mM (Fig. 3) did not change the distribution patterns of the elements significantly in the stem of the HE plants, and Cd and Ca were consistently localized in similar parenchyma tissues.
Quantitative Analysis of Cd Distribution in HE Stems by LA-ICP-MS
To confirm the results obtained by m-XRF, in vivo analysis of Cd distribution in both stems and leaves of the HE S. alfredii was performed quantitatively by LA-ICP-MS. The stem and leaf samples were collected from 100 mM Cd-treated HE plants and ablated line by line using a focused laser beam. The ion intensity of 13 C + was monitored during measurement for internal standardization to compensate for the different amounts of ablated material (Wu et al., 2009 ).
13
C + was evenly distributed in the plant samples (Fig. 4) .
The elemental mapping of stem cross sections of the HE S. alfredii after 100 mM Cd treatment confirmed that the distribution pattern of Cd was extremely similar to that of Ca, showing higher concentrations in the pith and cortex tissues, both of which consist of parenchyma cells, rather than vascular bundles and epidermis. As shown in Figure 4 , Cd concentration in the cortex was up to 15,000 mg g
21
, which was dozens of times higher than those measured in the vascular tissues. Very low Cd concentration was observed in the epidermis and vascular bundles. Zinc was preferentially sequestered by cells near vascular bundles and also in the epidermis, and K was distributed mostly in the tissues of vascular bundles and epidermis. An accumulation of P was observed in the vascular tissues, and S was distributed uniformly throughout the whole stem (Fig. 4) . 
Quantitative Analysis of Cd Distribution in HE Leaves by LA-ICP-MS
Elemental distributions were analyzed by LA-ICP-MS for the whole leaf collected fresh from 100 mM Cdtreated HE S. alfredii without any sample preparation. As shown in Figure 5 , the distribution patterns of Cd, Ca, Zn, K, P, and S varied depending on the element. Both Cd and Ca were evenly distributed in the whole leaf except for relatively low concentrations in the leaf tips. Zn appeared to be preferentially localized in the epidermis, and the highest ion intensity of K was found in the leaf tips. Higher concentrations of P were observed in the outer tissue layers, while S was localized more evenly except for a low concentration in the tips. No significant correlation of Cd and P or S was observed at the whole leaf level.
Cross sections of leaves from Cd-treated plants were freeze dried and analyzed by LA-ICP-MS to further characterize the distribution patterns of Cd in the leaves of the HE S. alfredii at the cellular level (Fig. 6) . The ion intensity of 13 C + was very similar across the slice except for the main veins and epidermis tissues, due to the difference in the thickness of these tissues and the mesophyll. Cd and Ca were distributed similarly, showing higher concentrations in palisade mesophyll cells and a peak of Cd in the vascular bundles. Phosphorus was evenly distributed in the leaf cross sections of S. alfredii, and relatively higher levels of K were located in vascular, epidermal, and spongy cells, while Zn was predominantly concentrated in epidermal cells. P and S were distributed evenly across the cross section of the leaf.
Cd Species in the Tissues of the HE S. alfredii
Bulk-EXAFS was employed to investigate the Cd speciation in the powdered fractions of the leaf and stem for the HE S. alfredii treated with 100 mM Cd for 30 d, which contained adequate metal concentrations to obtain good signal-to-noise ratios. The low concentrations of Cd in the plant samples of the NHE S. alfredii prevented analysis of Cd speciation by this technique. Figure 7 shows Cd K-edge, K 3 -weighted EXAFS spectra of powdered plant samples (young leaves, mature leaves, stems, and roots) of the HE S. alfredii compared with model compounds, including Cd-His, Cd-glutathione, Cd-Cys, Cd-malate, Cd-oxalate, Cdcitrate, Cd 2+ [Cd(NO 3 ) 2 ], and Cd-cell wall. The results of the EXAFS data following refinement with SixPack for the Cd ligands environment in plant samples of the HE S. alfredii are summarized in Table I . The ligand environment in the plant samples differed depending on the plant tissues sampled. Cd in the leaves (both young and mature leaves) and stems was exclusively coordinated with oxygen (O) ligands. However, a first shell coordination of O with the addition of S was detected as the main contribution in the root samples. The spectra were then analyzed using linear combination fitting (Table II) . This analysis revealed that the dominant chemical form of Cd in shoots of the HE S. alfredii (about 70% in leaves and 47% in stems) was similar to Cd-malate compounds, with the remaining proportion of the metal associated as Cd-citrate and Cd-cell wall. In the roots of the HE S. alfredii, however, the percentage of Cd-malate complex is quite low, and a large amount of the metal appeared to be associated with cell wall, citrate, and sulfhydryl groups (GSH).
Organic Acids in Plants of the HE S. alfredii
In the stems and leaves of the HE S. alfredii, the predominant organic acids were malic acid followed by citric and oxalic acids (Table III) . Fumarate, pyruvate, acetic acid, and amber acid were not detected. This is consistent with results previously reported by Yang et al. (2006) . Regardless of the treatments, the concentrations of malic acid in the stems and leaves of the HE S. alfredii were higher than 35 mmol g 21 fresh weight, about 6-fold of that in the roots, whereas the concentrations of both citric acid and oxalic acid in the roots were significantly higher than those in the stems and leaves. When plants were exposed to 100 mM Cd, all three organic acids increased nonsignificantly as compared with the controls.
DISCUSSION
Metal sequestration in less bioactive cells such as epidermis and trichomes is one of the possible mechanisms for heavy metal detoxification in plants (Hall, 2002) . Based on in vivo analysis by m-XRF and LA-ICP-MS, both of which are very effective tools for the determination of metal distribution (Hu et al., 2008; Punshon et al., 2009) , preferential Cd accumulation in the parenchyma cells (mesophyll, cortex, and pith) was consistently observed in both leaves and stems of the HE S. alfredii under different Cd exposure levels. This differed from its the contrasting ecotype (NHE), in which Cd was restricted within the vascular bundles, suggesting that Cd is easily transported from vascular systems to the storage sites in the HE plants as compared with the NHE plants. The finding that Cd concentrations were highest in parenchyma cells has not been reported in other Cd hyperaccumulators. In the Cd hyperaccumulators T. caerulescens and T. praecox, Cd was found to be most concentrated within the epidermal cells (Cosio et al., 2005; Ma et al., 2005; Fukuda et al., 2008; Vogel-Mikus et al., 2008a , 2008b , while in A. halleri, Cd was most concentrated in certain parts of the trichomes (Kü pper et al., 2000; Hokura et al., 2006; Fukuda et al., 2008) . Previous studies, however, have also pointed out that because of the tissue mass represented by mesophyll cells, these tissues represent the major storage site of Cd in both T. caerulescens and A. halleri, with 65% to 70% of total leaf Cd distributed in the mesophyll tissues in the leaves of T. caerulescens , and in A. (Verbruggen et al., 2009 ). In the Cd hyperaccumulator A. halleri, the uptake and translocation of Zn and Cd in the plants may share the same pathway to a certain extent (Bert et al., 2002; Zhao et al., 2006; Ueno et al., 2008) , and in vivo XRF mapping showed that Cd accumulation was positively correlated with that of Zn (Kü pper et al., 2000; Hokura et al., 2006; Fukuda et al., 2008) . The existence of interactions between Cd and Zn has also been suggested in the Cd hyperaccumulators T. praecox and T. caerulescens Ganges ecotype (Kü pper et al., 2004; Ma et al., 2005; Pongrac et al., 2010) . In this study, a positive association of Cd and Zn was observed in the nonaccumulator NHE S. alfredii (Fig. 1) . However, in the leaves and stems of the HE S. alfredii, it was clearly shown that the distribution patterns of Cd and Zn were quite distinct (Figs. 2, 3 , and 6), as Cd was largely localized in the parenchyma tissues, while Zn was predominantly localized to epidermal and vascular cells (Tian et al., 2009) . This indicates that different storage mechanisms are probably involved in the hyperaccumulation of Cd and Zn by the Cd/Zn hyperaccumulator S. alfredii.
Cd shares many physical similarities (charge and ionic radius) with Ca. In plants, Cd may permeate through Ca channels from guard cells (PerfusBarbeoch et al., 2002) and root cells (White, 2000) . Recently, it has been reported that the Arabidopsis (Arabidopsis thaliana) protein AtHMA1, which functions as a Ca 2+ pump, may help to concentrate Cd in organelles or mediate its extrusion to the extracellular medium (Moreno et al., 2008) . In the HE S. alfredii, Cd uptake and translocation was previously shown to be positively associated with the Ca pathway (Lu et al., 2008 , and when plants of the HE S. alfredii were exposed to a higher Ca-Cd ratio, an enhanced tolerance to Cd was observed Tian et al., 2011) . This study showed a close spatial association of Cd and Ca in HE S. alfredii plants, which, to our knowledge, has not previously been observed in any Cd hyperaccumulator. The distribution pattern of Cd was very different from that for Ca in the hyperaccumulators A. halleri (Kü pper et al., 2000; Hokura et al., 2006; Fukuda et al., 2008) and T. praecox (VogelMikus et al., 2008b) . These results suggest that Cd accumulation and detoxification in HE S. alfredii plants may be associated with metal transport through Ca channels or transporters. This hypothesis contrasts with current models of Cd accumulation, which suggest that Cd accumulation may be governed by common genetic determinants with that of Zn accumulation in hyperaccumulators (Hanikenne et al., 2008; Verbruggen et al., 2009 ). This study suggests that interactions between Cd and Ca should be considered more closely in future physiological and molecular investigations of Cd hyperaccumulation in (Conn and Gilliham, 2010) . This study showed that Cd in HE S. alfredii plants accumulated preferentially in the parenchyma tissues (pith, cortex, and mesophyll), all of which consist of large vacuolar cells, supporting the contention that vacuoles may serve as major storage sites for Cd in this plant species. This is also supported by fluorescence imaging of Cd in the leaves of the HE S. alfredii (Supplemental Fig. S2 ) using the Cd probe Leadmium Green AM dye (Lu et al., 2008) .
The acidic environment of the vacuole provides a favorable environment for the formation of metalorganic acid complexes (Haydon and Cobbett, 2007) . In A. halleri, the majority of Cd that was preferentially localized in the trichomes was found to be divalent and bound to O or nitrogen (N) ligands, not S ligands (Fukuda et al., 2008) , although Cd translocated from roots to shoots was predominantly in inorganic forms (Ueno et al., 2008) . In roots and shoots of T. praecox, up to 80% of the Cd ligands were O ligands that were provided by the cell walls and by organic acids stored in vacuoles . The results reported here for Cd speciation in the HE S. alfredii, based on x-ray absorption spectroscopy analysis, also suggest that the majority of the Cd in this ecotype is sequestered within the vacuoles in association with O ligands (Table I) and is dominantly similar to the Cdmalate complex (Table II) . Kramer (2010) suggested that the capacity for organic acid accumulation in a plant might determine its maximum divalent cation accumulation. Determination of the organic acid component in the HE S. alfredii also showed that malate was the most abundant organic acid in the plants (Table III) . All these results indicate that Cd was probably coordinated with malate in HE S. alfredii plants. The results obtained by Zhang et al. (2010) suggested that phytochelatin (PC) synthesis might act as the major intracellular Cd detoxification mechanism in shoots of the Cd hyperaccumulator S. alfredii as in nonresistant plants. This finding, however, was observed under a very high Cd level (500 mM), which might cause toxicity even for the hyperaccumulator S. alfredii. Furthermore, the association of Cd and PCs was detected after complex sample preparation , whereas our experiments were conducted on frozen hydrated plant samples under very low temperature. From an energetic point of view, metals are also more likely to be stored in vacuoles weakly bound by organic acids, rather than investing energy for synthesizing the large amounts of strong ligands such as PCs for complexation (Kü pper et al., 2004 (Kü pper et al., , 2009 ). Thus, these results suggest that Cd would be more likely to be associated with malate rather than PCs or GSH in the storage sites of the HE S. alfredii plants.
The malate concentration in the leaves and stems of the HE S. alfredii, however, was not increased significantly by increasing Cd concentration in the solution, suggesting that malate synthesis is not induced by Cd. This result is very similar to that previously reported for another Cd hyperaccumulator, T. caerulescens . These results support the view that high organic acid concentrations in the hyperaccumulators may be a prerequisite for metal hyperaccumulation, rather than a specific response to metal hyperaccumulation or hypertolerance (Kramer, 2010) . As suggested by Ueno et al. (2005) , the complex forms of Cd-organic acids inside the vacuoles might be the result of an efficient tonoplast transport of Cd and a constitutively high concentration of malate in the vacuoles. Thus, the transporters involved in Cd efflux into the vacuoles, especially those related to Ca transport such as CAX members (Verbruggen et al., 2009) , are of relevance for future research on the molecular mechanisms of the Cd hyperaccumulator S. alfredii.
MATERIALS AND METHODS
Plant Culture
Seedlings of two contrasting ecotypes of Sedum alfredii were cultivated hydroponically. Seeds of the HE of S. alfredii were obtained from an old Pb/Zn mine area in Zhejiang Province in China, and the NHE of S. alfredii was obtained from a tea plantation of Hangzhou in Zhejiang Province. The seeds of two S. alfredii ecotypes were germinated on a mixture of perlite and vermiculite moistened with deionized water. Four weeks after germination, the plants were subject to 4 d of exposure of one-fourth-, one-half-, and fullstrength nutrient solution containing 2 mM Ca Seedlings of the two precultured ecotypes of S. alfredii were exposed to different treatments (0, 10, 100, and 400 mM Cd). Each treatment was replicated three times. Plants were harvested after Cd exposure for 30 d. The plants of NHE did not grow at high Cd treatments (100 and 400 mM) after 30 d.
Elemental Mapping for Stems and Leaves by m-XRF and LA-ICP-MS
Analyses
Fresh stems and leaves were cut from plants after 30-d treatments and rinsed. The midtransverse areas of stem samples at similar developmental stages were selected from both ecotypes for comparison. Sections (100 mm thick) of samples were cut with a cryotome (Leica CM1950). Briefly, stem and leaf samples were frozen by liquid nitrogen and fixed immediately on specimen disks using deionized water at the actively cooled (240°C) speciation quick-freezing shelf. After about 10 min, samples were subjected to sectioning at a temperature of 220°C, and sections in good condition were selected and freeze dried at 220°C for 3 d . m-XRF imaging was performed on beamline 13-ID-C (GSECARS; proposal no. 23899) at the Advanced Photon Source. The incident x-ray beam was focused using a pair of Kirkpatrick-Baez mirrors, and the incident beam was monochromatized using a Si(111) double-crystal monochromator. m-XRF maps were collected using either a Vortex single-element or four-element solid-state silicon detector (SII NanoTechnology) at room temperature. For m-XRF mapping, the incident beam was set at 30 keV. During the experiments, the spot size of the x-ray beam was 2 3 2 mm 2 , which is much smaller than the size of most leaf and stem cells in Sedum. m-XRF maps were obtained by rastering the beam in 5-mm steps, with a count time of 0.1 s per step, for the following major and minor/ trace elements: P, S, chlorine (Cl), K, Ca, Mn, Fe, nickel, copper, Zn, rubidium, Pb, and Cd. (Wu et al., 2009) . The elemental maps of the samples were determined by LA-ICP-MS under the optimized experimental parameters summarized in Supplemental Table S1 at room temperature.
LA-ICP-MS Measurement
Standard preparation and quantification were performed according to Becker et al. (2008) and Wu et al. (2009) with modifications. SRM NIST 1570a spinach (Spinacia oleracea) leaves were used for the standard calibration of the analytical data. The spinach leaves were spiked with standard solutions of Cd from 0 to 5,000 mg L 21 . After absorption for 72 h, the materials, together with the stem and leaf samples of the HE S. alfredii, were dried at 75°C until constant weight was reached and then ground into fine powder. Standard reference materials SRM NIST 1515 apple (Malus domestica) leaves and SRM NIST 1515 peach (Prunus persica) leaves were used to validate the analytical procedure. One-half gram of each standard material and plant sample was weighed and pressed into a pellet without any binder under 8-atm pressure.
The pelletized materials and plant samples were analyzed for elemental concentrations by LA-ICP-MS and then subjected to further digestion and element determination by ICP-MS according to Lu et al. (2008) . Elemental concentrations in the plant samples of the HE S alfredii measured by LA-ICP-MS are similar to those analyzed by ICP-MS (Supplemental Table S2 ). The whole leaf and stem and leaf cross sections of the HE S. alfredii were analyzed using LA-ICP-MS. Stem and leaf cross sections were prepared similar to those subject to m-XRF analysis. , and 34 S + were recorded. 13 C + was used as the internal standard to compensate for the water content effect and the possible inhomogeneity of the materials. The ratio of the 13 C + ion intensity plotted against the concentration of the spike in the standard was used to develop the calibration curves, and the distribution profiles of the elements in the scanned samples were quantified using these curves. The analytical procedures were validated by standard reference material SRM NIST 1547 peach leaves and SRM NIST 1515 apple leaves.
Bulk EXAFS
EXAFS data of powdered tissues (roots, stems, and leaves) from HE S. alfredii treated with 100 mM Cd for 30 d were collected at the Stanford Synchrotron Radiation Lightsource with the storage ring SPEAR-3 operating at 3 GeV and with ring currents of 80 to 100 mA. Cd K-edge spectra were recorded on beamline 7-3 (proposal nos. 3186 and 3482) with the same equipment conditions described in our previous study . The monochromator energy of each spectrum was calibrated using Cd metal foil between the second and third ionization chambers; its absorption edge was calibrated to an edge of 26,711 eV, and Cd K a fluorescence were recorded using a 30-element germanium detector (Canberra Industries) equipped with Soller slits and silver filters.
Fresh plant tissues were prepared using liquid nitrogen and measured at 10 K in a liquid helium flow cryostat to minimize the breakdown and mixing of cellular components and to reduce the loss of intensity in the signal . Spectra were collected for standard Cd species including Cd(NO 3 ) 2 (solution), Cd-malate, Cd-glutathione, Cd-Cys, Cd-His, Cd-oxalate, Cdcitrate, and Cd-cell wall. All solutions were prepared in 30% glycerol to prevent ice crystal formation. The complexes Cd-malate, Cd-Cys, Cd-His, Cdoxalate, Cd-citrate, and Cd-glutathione were made by adding 5.0 mM citrate, Cys, His, oxalate, malate, or glutathione to an aqueous solution of 0.5 mM Cd (NO 3 ) 2 at pH 5.5. Root cell wall material was exposed to 0.5 mM Cd(NO 3 ) 2 in hydroponic solution (final pH of 6) for 72 h, rinsed in deionized water, and frozen in liquid nitrogen for storage. Spectra of all plant samples and standard solution samples were recorded in fluorescence mode, while spectra of solid standard samples were recorded in transmission mode. Detuning of the primary beam by 50% was performed to reject higher harmonic reflections.
EXAFS Data Analysis
Multiple scans (six to 12, depending on Cd concentration) were collected and averaged for each sample to improve the signal-to-noise ratio. The spectra data of each sample were calibrated to the Cd K-edge (26,711 eV) in the program SixPack (Webb, 2005) . The normalization of the EXAFS spectra was carried out according to standard methods using the SixPack program suite. The spectra were normalized to unit step height using a linear preedge and postedge background subtraction and transformed to k-space based on E0 = 26,711 eV. The k-function was extracted from the raw data by subtracting the atomic background using a cubic spline consisting of 7 kn set at an equal distance fit to K 3 -weighted data, and K 3 -weighted (k) functions were Fourier transformed over the 1.5 to 12 Å 21 range using a Kaiser-Bessel window with a smoothing parameter of 4. Fits were performed in the R-space on both real and imaginary parts of RSF contributions to obtain the identity of the backscattering atoms, Cd-neighbor distance (R), coordination number (N), and the Debye-Waller factor (s2) for each scattering path (Pokrovsky et al., 2008) . Theoretical back-scattering amplitude and phase-shift functions for Cd-O, Cd-N, Cd-S, Cd-Cl, Cd-C, and Cd-Cd single and multiple scattering paths were computed using the FEFF8 ab initio code (Ankudinov et al., 1998) . The K 3 -weighted EXAFS spectra were also least-squares fitted over a wave vector (k) range of 1.5 to 12 Å 21 using a combination of Cd compound standards. Best fits were derived by incrementally increasing the number of fit components and minimizing the fit residual. The range for the fit was varied as a function of data quality and in order to test contributions from minor components.
Organic Acid Assay
Organic acids in plant samples of the HE S. alfredii treated with or without 100 mM Cd were analyzed according to the methods described by Yang et al. (2006) .
Statistical Analysis
All data were statistically analyzed using the SPSS package (version 11.0), ANOVA was performed on the data sets, and means and SE of each treatment of corresponding data were calculated.
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Supplemental Figure S1 . Biomass and Cd concentrations of the HE and NHE S. aflredii after Cd treatments (0, 10, 100, and 400 mM) for 30 d.
Supplemental Figure S2 . Visualization of Cd in leaf cross sections of the HE S. alfredii using the Cd fluorophore, Leadmium Green AM dye.
Supplemental Table S1 . LA-ICP-MS operating conditions.
Supplemental Table S2 . Comparison of the nutrient element concentrations in the plant samples of the HE S. alfredii measured by LA-ICP-MS (using standard reference material NIST SRM 1570a spinach leaves for calibration) and ICP-MS after digestion.
